Mirror matter, inverse seesaw neutrino masses and the Higgs mass spectrum 
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In this work we study a mirror model with inverse seesaw neutrino masses in which symmetry 
breaking scales are fixed from bounds in the neutrino sector. The Higgs sector of the model has two 
doublets and neutral singlets. The mirror model can be tested at the LHC energies in several aspects. 
Two very distinctive signatures of the mirror model are a new neutral gauge boson Z' , with a high 
invisible branching ratio, and a heavy Majorana neutrino production through the decay Z' — > N + i>. 
This result is compared with heavy Majorana production through heavy pair production and the 
consequent same-sign dilepton production. The other important consequence of the mirror model 
is the prediction of the Higgs mass. A particular solution leads to a Higgs in the same region as in 
the standard model. There is, however, another natural solution where the Higgs mass is above 400 
GeV. 
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I. INTRODUCTION 

Progress in neutrino oscillation experiments gradually 
confirms that neutrinos are massive and oscillate 
However, the theoretical understanding of the origin of 
the mixing pattern and the smallness of neutrino masses 
has not yet been settled. Many suggestions on possible 
models for neutrino mixing and masses have been made. 
For example, the T2K data @] on sin 2 29\3 > has moti- 
vated models on discrete flavor groups and corrections to 
the original tri-bimaximal mixing |3|. The MiniBooNE 
antineutrino data [|[ has renewed the interest on ster- 
ile neutrinos Q and extra Higgs doublets can also be a 
source of new neutrino properties jf|. 

Neutrino masses and oscillations seem to require new 
physical scales that are not present in the standard model 
(SM). There are at least three new scales involved: the 
neutrino mass scale, the lepton number violation scale 
and the parity breaking scale. All these scales enter in 
one of the most appealing extensions of the SM, the left- 
right symmetric models [7| • These models start from the 
simple gauge structure of SU(2)l (g) SU{2)r (g) U(l) and 
can, hopefully, be tested at the LHC energies. Parity 
can be broken at the SU(2)r scale. But it can also be 
broken by a neutral singlet sector, as in the D-parity 
mechanism developed by Chang, Mohapatra and Parida 
Q. Small neutrino masses can be generated by the see- 
saw mechanism. In this case, lepton number violation is 
introduced by Majorana terms at very high (GUT) ener- 
gies. An alternative is the inverse seesaw mechanism @. 



In the original version of the inverse seesaw mechanism, 
a new left-handed neutrino singlet is introduced. If one 
imposes lepton number conservation in this sector, there 
are no Majorana mass terms. A new right-handed neu- 
tral fermion singlet is also present and it is allowed to 
violate lepton number at a very small scale. This small 
scale is responsible for the small neutrino mass. In this 
scenario no ultrahigh breaking scale is introduced. 

From another point of view, mirror models have re- 
cently [3 

been studied and it was shown that three ad- 
ditional mirror families are consistent with the standard 
model if one additional inert Higgs doublet is included. 

This paper is organized as follows: in Section II we 
summarize the scalar content of the model. In Section 
III we present the fundamental fermionic representation 
of the model. In Section IV we discuss the gauge in- 
teractions and identify the neutrino fields and new Z' 
interactions. In Section V we present the model predic- 
tions for the LHC energies. Finally we summarize the 
model and its phenomenological consequences in Section 
VI. 



II. THE HIGGS SCALARS 

The fundamental scalar representation in our mirror 
model contains the following Higgs scalars: two doublets 
$l and which develop the vacuum expectation val- 
ues vl and vr respectively, 
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with transformation properties under SU(2)l x SU(2) r x 
U(1) y given by (1/2, 0, 1)+ L , (0, 1/2, 1) 0R . 

The singlet fields of the model are Sm , which develops 
a v.e.v. at a very small scale and is coupled with Majo- 
rana mass terms, and M^ L , Mpj R , which must couple to 
lepton number conserving terms (Dirac) at a TeV scale. 

For the lepton number violating singlet we impose the 
symmetry, 
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and for the lepton number conserving singlets, 

Mn l <-^-> —Mn r - 
These scalar fields will develop vacuum expectation 
I 



4>l,4>r,Sm, m Nl , M Ne 



vl,vr,s,v Ml ,vm r - 



The motivation behind these symmetries is to generate 
a simple spectrum for the neutrino sector ( see section 
III ). The 4>l field will be broken at the same scale of 
the SM Higgs field vl — v Fermi- The new vr scale can 
be searched for at the LHC energies in the 1 — 10 TeV 
range. The bound from neutrinoless double beta decay 
will imply ( see section IV ) that vm l > 1 TeV and 
vm r > 10 5 TeV. The Sm singlet field will break lepton 
number at a small scale s ~ 1 cV and will give small 
neutrino masses. 

The most general scalar potential invariant under the 
preceding symmetries has more than twenty new param- 
eters. We can obtain constrained equations and stability 
conditions from a simpler form, still consistent with the 
stated symmetries: 
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The 4>l,r doublets will give masses to the gauge bosons 
of SU(2)l^r respectively. There will remain five neutral 
scalar Higgs fields in the model. It is straightforward, 
although lengthy, to find the constraint equations and 
Hessian matrix that guarantee the minimum conditions. 
They are explicitly given in the Appendix. 

The approximate eigenvalues of the squared-mass ma- 
trix are given by 



Ml = 8Ais 2 
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The most prominent feature of these expressions is the 
prediction for the squared-mass value that corresponds 
to the standard model Higgs. This result for the Higgs 
mass shows that mirror models have a clear difference 
with the standard model Higgs. The recent LHC ex- 
perimental searches for the standard model Higgs have 
detected no positive signal. There are increasing data 
constraining some regions for the Higgs mass value fllj ) . 
According to the recent data from ATLAS [U| and CMS 
fl3j collaborations, there still remains a first open win- 
dow for the Higgs mass in the 116 — 145 GcV region. 



This limits the free parameters of our invariant potential 
to the following region in parameter space: 



< Ai < 1 
< A 2 < 1/2 
< A 3 < 1 
0.05 < A 4 < 0.56 

-1 < A 5 < 1 (4) 

The ATLAS and CMS collaborations also exclude with 
95% C.L. the existence of a Higgs over most of the mass 
region from 145 to 466 GeV. A second open mass window 
Mmggs > 466 GcV would imply the same values for A^, 
except for A4 > 0.8. 



III. NEUTRINOS IN THE MIRROR MODEL 

The fundamental fermion representation for the first 
lepton family and its transformation under the discrete 
parity symmetry (D parity) in the mirror model is given 
by 



, v R , e R 
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where the doublets transform under SU(2)l x SU(2)r x 
U(1) y as (1/2,0, -1) L , (0,l/2,-l)fl. 



3 



In order to discuss the mass for the neutral fermion 
fields we start by considering the following Majorana 
fields coming from the fundamental mirror representa- 
tion: 



As we are considering a parity conserving model both 
left and right handed components of this field must be 
present. We have a new Lagrangian mass term given by: 
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The doublets transform as (1/2, 0, -1) L , (0, 1/2, -1) R . 
Let us discuss the mass Lagrangian by showing explic- 
itly the physical content of each term. The mirror mass 
Lagrangian coupled with the Higgs doublets is given by 
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= 7^l\v l v r + v R v L + v c L v c R + v c R vl\ 

+ \v R [N L N R + N R N L + N£N R + N R N C L }. 



(7) 

In this expression we have no Majorana mass terms 
that violate lepton number. In the Majorana field basis 
we have 



^(mirror) = 1 ^ ^ + ^ ^ + 1 ^ ^ + ^ ^ 



(8) 



As required by the inverse seesaw mechanism we must 
introduce a new neutral fermionic singlet (called "P"). 
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- [P L PI + P C L P L + P R P C R + P C R P R ] 

VM L [y R P L + P L »n] - vm r [N l P r + P R N L ] 
S -[P L Nl + N C L P L + P C L N L + N L Pl\ 

{[P R K+KPn+P>n+^P C R ]- (9) 



We have now new Majorana fields, 

e = P L +P c L a = P R +P c R , 



(10) 



and these terms give a new contribution to the mass La- 
grangian , 
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Returning now to the Majorana basis, the full mass 
Lagrangian can be written as 
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This last matrix has two blocks in the inverse seesaw 
form, 



M 



v 
v M 
M s 



As s will be responsible for the very small neutrino 
masses, it must have a very small value. Then the general 
mass matrix, to first order, has two independent inverse 
seesaw blocks. 

The diagonalization of the mass matrix, to first order, 



allows to calculate the mass eigenvalues and eigenvectors. 
Introducing the notation 
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The diagonalization matrix can be written as: 
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IV. THE GAUGE INTERACTIONS 

In order to proceed to the neutrino identification we 
must look at the neutral current interactions. The gen- 
eral gauge structure of our model was developed in ref. 
14 1 . From equation (18), the neutral gauge bosons Z 



and Z' interact only with vl and Nr. All other neutrino 
states have no gauge interactions as they are neutral sin- 
glets. 

Neglecting u> 2 terms, in the Majorana basis this is given 
by equation (19) of ref. [l4j . 
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As the \I/„ field is given by 
/2 

the relevant combination for the Z interaction comes 



from 
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Hence, the Z full coupling is given by the light <3>3 state. 
This state is to be identified with the SM neutrino. 

There is no (light-light) ^I> 3 — i3> 6 mixing and the Z 
width is the same as in the SM. As ^5 is the heaviest 
state, we will have the leading terms: 

The Z' interaction involves the uj n state as 
y/2 

= — [ViSi-Va-c^s], 

and we have 



in the range gi ~ 0.1 — 1, then the preceding result fol- 
lows. 

For the second heavy neutrino (^5) we have 

; 1 ~ — < 5 x 10- 8 GcV- 1 , 

V L + V Mt Jv% + V 2 Mr V Mh 

so that v Ma > 10 5 TcV. 

It is a remarkable result that from neutrino bounds 
we have recovered the Peccei-Quinn scale related to the 
strong CP problem [l6j]. With the identification ^3 — > 
^ Ve and $i — > ^ n, the leading new Z' interaction with 
neutrinos is 



- fl i M 3 -« i C i *i* 8 + C j; *3*5]- 

The leading terms are 

So the new Z' will decay in the light state Z' — > v^z 
but with a coupling much larger than that of SM case. 
The Z'v^v^ vertex is given by 
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From the preceding relations the Z'NN vertex is sup- 
pressed by an sl 2 factor. 



ZV31/3 ~ — ^ tan6*w tan/3(l H * — )■ 

2 sin p 

We also have the interaction vertex 

Z'vxvz ~ ^ tan #w tan/3(l , — ), 

2 sin /? 

and this term can also be quite large. 

The charged current interaction is given by 



1 



eNW 



2^2 

9 
2V2 



e 7 ^[ SL * 1 + * 3 + c L * 5 ]^, (16) 



where ^3 is the SM neutrino state. 
From neutrinoless double j3 decay (0v/3/3) we have the 
experimental bound fl5| 

sin^y <5xl0 -8 GeV -i 
M N 

For the first heavy neutrino (^1) we obtain the bound 
= ~ < 5 x 10- 8 GeV _1 , 



vl+< L Jvl+vl lL 



which implies vm l > 1 — 10 TcV. This uncertainty comes 
from the absorption of coupling constants in the defini- 
tion of our Vi . If we let the corresponding couplings vary 



V. RESULTS 

In this section we present the main phcnomenological 
consequences of our model for the LHC. Although many 
extended models predict a new Z', it is a very distinctive 
property of mirror models that the invisible Z' channel 
will be very high. In Table I we show the branching ratios 
for the M z > = 1.5 TeV with Y z > - 25 GeV considering 
vm l =1 — 10 TcV. The heavy neutrino channels arc 
strongly dependent on the choice of vm l - 

The clearest signal for a new Z' will be the leptonic 
channel p + p — >• /+ + 1~ + X. The recent LHC searches 
for this process have not detected any evidence of a new 
Z' boson. For instance, the ATLAS Collaboration [l7| 
with a luminosity around 1 fb _1 sets a lower bound 
Mz 1 > 1-83 TeV on the mass of a new sequential heavy 
Z'. Using the package CompHep [3 with CTEQL1 par- 
ton distribution functions, we have estimated the corre- 
sponding bound on the mass of the mirror Z' boson. Ap- 
plying a set of cuts on the final leptons, namely, \r)\ < 2.5, 
Mz' — 5Tz> < M1-1+ < Mz' + 5Tz>, and an energy cut 
of Et > 25 GeV, we display in Figure la the total cross 
section and number of events for ^/s = 7 TeV and an 
integrated luminosity of 10 fb _1 . The negative result of 
the ATLAS search leads, therefore, to a bound M z > > 1.5 
TeV on the Z' mass in our model. The forthcoming lu- 
minosity of 10 fb _1 will allow the search for this Z' to 
be extended up to Mz> = 2.0 TeV. In Figure lb we show 
our results for a center of mass energy of 14 TeV and an 
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FIG. 1: Total cross section and number of events versus M z > 
in the process p + p — > l + + l~ + X at \fs = 7 TeV considering 
C = 10 fb -1 (up) and at y/s = 14 TeV considering C = 100 
fb -1 (down). 



FIG. 2: Total cross section and number of events versus Mjv 
in the process p + p — > N + Ui + X at yfs — 7 TeV considering 
C = 10 ftr 1 (up) and at s/s = 14 TeV considering C = 100 
fb -1 (down). 



integrated luminosity of 100 fb . In this case we can 
estimate an upper bound on Mz> around 4.0 TeV. 

Another important test of the model is the prediction 
of heavy Major ana neutrinos with masses up to the TeV 
region [l9J ■ From Table 1 we see that the dominant heavy 
Majorana neutrino production in our model is through 
Z' — > N + v. This result is to be compared with a very 
similar model [l4| where the neutrino masses comes from 
a double seesaw mechanism. In this last case, the dom- 
inant heavy Majorana production is through heavy pair 
production and the consequent same-sign dilcpton pro- 
duction. In Figure 2 we show the total cross section 
for the process p + p -+ N + v + X for the planned 
LHC energies and luminosities. The final state will be 
seen as p + p — > invisible + Z ± + W T + X 7 with the 
invariant Z ± + W T mass peaked at the heavy neutrino 
mass. For heavy Majorana neutrinos with masses near 
100 GeV the dominant production mechanism is through 
the SM W and Z interactions. However this mechanism 
is kinematically restricted to masses below 200 GeV [2(| ■ 



For higher masses the dominant mechanism is via Z' ex- 
change. From Figure 2 we can estimate the heavy neu- 
trino mass dependence at the energy of y/s = 7 TeV pro- 
duced via Z' with mass equal to 2.0 TeV. The scenario 
of *Js = 14 TeV allows us to estimate the Mm behavior 
from 500 GeV to 2 TeV, with Z' masses varying from 1.5 
TeV to 3.0 TeV. 



VI. CONCLUSIONS 

In this paper we have presented a mirror model that re- 
stores parity at high energies. Neutrino masses are gener- 
ated by the inverse seesaw mechanism. Besides new mir- 
ror fermions, the model also predicts new gauge vector 
bosons. Our choice of a scalar sector with Higgs doublets 
and singlets and no Higgs bidoublets means that the new 
charged vector bosons will not be coupled with ordinary 
matter in the mirror model at tree level. This points to 
a significant difference between the present model and 
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other left-right models with new vr neutrinos in new 
SU(2) R doublets . But mixing in the neutral vector bo- 
son sector is present and the first important phcnomeno- 
logical consequence of the model is a new neutral current. 
As the new v.e.v. vr is not known, we cannot determine 
exactly the new Z' mass. But the LHC can test the hy- 
pothesis that vr is of the order of a few TeV. The new Z' 
mixing with the other neutral gauge bosons can be cal- 
culated [2l[ and we can determine both the main decay 
channels and production rates for this new Z' . 

The heavy Majorana neutrino production can be used 
as a test for the basic neutrino mass generation mech- 



anism. In the double seesaw mechanism we have the 
dominant channel Z 1 — > N + N and the consequent same- 
sign dilcpton production, whereas for the inverse seesaw 
mechanism the dominant channel is Z' — > N + D. 

The other important prediction of our mirror model 
comes from the fact the we have fixed the symmetry 
breaking scales only from the neutrino sector; therefore, 
the Higgs spectrum can be fixed according to the recent 
LHC bounds. The two main mass windows for the SM 
Higgs mass in the 116 — 145 GeV and above 466 GeV can 
be fixed by natural choices of the coupling constants of 
the scalar potential, in the range (—1, 1). 



I 

Appendix A: Mass Matrix 



The following five relations correspond to the necessary potential minimum conditions: 

4s 3 Ai - 2sn\ = 

2v l (v Ml - v Mr )^5 - 2v L ^ls + 2v L v 2 R X 5 + 4u|A 4 = 

-2(v Ml ~ v Mr )vrh 5 - 2vrpIs + 2v 2 L v R X 5 + 4v R X 4 = 

( v l ~ v r)^ + v Mr £s - 2v Ml [4 + 2v MlV 2 m r ^ + 4um £ A 2 = 

~( v l - Vr)h 5 + v ML fijs - 2v Mr iA + 2v 2 Ml v Mr X 3 + 4vm r \ 2 = (Al) 
In the basis {Sm, <Pl, 4>Ri Mn L i ^n r } the squared- mass matrix is given by 



By using the constraints above to express the fj,i parameters in terms of the v.e.v Uj, we arrive at the following 
matrix: 
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8u H A 4 
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— DrAj 


A 2 + 2^ Jr (2A 2 -A 3 )- 
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A 2 + 2v Ml v Mr (2\ 2 + A 3 ) 
A 2 + 2v 2 M (2A 2 - A 3 ) - 8v 2 M A 2 / 
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with the definitions, 
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«!)(Ab 



2a 4 ) 



(vm r - v Ml ) 



and A 9 



V £) 2 (A 5 -2A 4 ) 



2{v Mr -v ML y 



The previous results can be approximated in the limits Ai — > and A2 — > 0. In all our results, no fine-tuning 
conditions are imposed on the scalar potential. 



v Ml (TeV) 


3 

Z' -> Y ViVi 
1-1 


3 

z' -+ 

i=l 


Z' -¥ NN 


6 

Z' -> 53 

1=1 


3 

Z' -+J2(viN + Nui) 

i=l 


1 


60% 


15.9% 


< 10" 3 % 


23.2% 


1.9% 


10 


60% 


16.2% 


< 10" 6 % 


23.6% 


0.02% 



TABLE I: Lhe Z' branching-ratios for M z > = 1.5 TeV for v Mt = 1 TeV and 10 TeV. 
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